After decades of rapid increase, the rate of obesity in adults in the USA is beginning to slow and the rate of childhood obesity is stabilizing. Despite these improvements, the obesity epidemic continues to be a major health and financial burden. Obesity is associated with serious negative health outcomes such as cardiovascular disease, type II diabetes, and, more recently, cognitive decline and various neurodegenerative dementias such as Alzheimer's disease. In the past decade, major advancements have contributed to the understanding of the role of the central nervous system (CNS) in the development of obesity and how peripheral hormonal signals modulate CNS regulation of energy homeostasis. In this article, we address how obesity affects the structure and function of the blood-brain barrier (BBB), the impact of obesity on Alzheimer's disease, the effects of obesity on circulating proteins and their transport into the brain, and how these changes can potentially be reversed by weight loss.
INTRODUCTION
Obesity is a condition in which excess body fat accumulates to an extent that health can be adversely affected (1) . The World Health Organization has estimated that over 600 million people worldwide are obese, and obesity-attributable healthcare expenditures in the USA approach $147 billion annually (2) . Obesity is caused by an imbalance of food intake and energy expenditure, but what causes this imbalance is unclear as the regulation of these processes is complex. At the least, these processes involve communication between the peripheral tissues that acquire, sense, or store nutrients with specialized nuclei in the central nervous system (CNS) that regulate feeding and metabolism (3) . Brain barriers such as the vascular blood-brain barrier (BBB), the epithelial blood-cerebrospinal fluid (CSF) barrier, and tanycytic barriers are critical regulatory interfaces in such communication as many of the signals between the peripheral tissues and the CNS are blood-borne. The endothelial, epithelial, and tanycytic cells that form the various BBBs are highly specialized in that they restrict the unregulated diffusion of macromolecules between the blood and CNS and selectively regulate the blood-to-brain and brain-to-blood transport of circulating nutrients and hormonal signals that are critical in maintaining normal CNS functions. Hormones that regulate feeding and are altered in obesity including insulin, leptin, adiponectin, and ghrelin can cross the vascular BBB via specialized transport systems (4) . BBB transport is necessary for these proteins to exert their functions in the CNS. Therefore, BBB transport is an important aspect of metabolic regulation. The BBB can also dynamically respond to signals from the blood and CNS, which is important for meeting the brain's metabolic demands. However, pathological changes at the BBB occur during obesity that may ultimately exacerbate disease and can lead to additional pathological changes in the CNS such as neuroinflammation and cognitive impairment. In this review, we will discuss mainly the vascular BBB in the context of its functions in controlling the transport of regulatory proteins that affect food intake and energy expenditure, BBB dysfunctions resulting from obesity, and the prospects of the BBB as a therapeutic target for obesity.
includes capillary endothelial cells and pericytes surrounded by basal lamina, which are ensheathed by astrocytic perivascular endfeet in close proximity to neurons and microglia (5) . Studies have shown that high-fat diet (HFD) feeding, containing approximately 40-45% fat, leads to neuronal loss in the arcuate nucleus and lateral hypothalamus (6) . These changes are not only observed in adult mice consuming HFD but are also transferable to their offspring. In a study examining BBB disruption in the offspring of animals fed HFD or controls, offspring of HFD-fed mice showed increased BBB disruption thought to be caused by changes in the tanycyte population (a specialized ependymal cell in the brain) and expression of transporters (7) . Astrocytes and microglia are important for maintaining BBB integrity, supporting neuronal metabolism, and preventing/responding to local tissue injury and have increased activation in the hypothalamus of rodents and humans with HFD consumption (8, 9) .
Obesity and chronic HFD consumption, especially diets rich in saturated fat, have been linked to reduced cognitive function in both humans and animals (10-13). The hippocampus, a brain region that is important for learning and memory, seems especially prone to damage. Neuronal populations within the hippocampus have a particularly high metabolic demand, making them vulnerable to a variety of environmental and biological factors (14) . Dietary composition can be thought of as an environmental factor and can negatively impact hippocampal function. Several studies have shown in middle-aged rats that HFD impairs hippocampal-dependent memory processes that involve learning and utilization of stimuli in the spatial environment (15, 16) . However, it is still unknown whether HFD solely impairs the hippocampus or if it causes more widespread dysfunction that includes other brain regions that are important for cognition.
The neurobiological mechanisms that promote learning and memory impairment following HFD consumption are not completely understood. For the context of this review, HFD can refer to any diet with an increase in fat composition. It has been proposed that HFD consumption impacts cognitive function by influencing the integrity of the BBB (17), a proposal explored in the next section.
BBB DISRUPTION IN OBESITY
The vascular BBB is comprised of many cell types including brain microvascular endothelial cells that protect the brain from toxic substances in the circulation, influence the homeostatic environment of the brain, and regulate the transport of nutrients and endocrine signals into the CNS. In elderly humans (age 70-84 years), Gustafson et al. proposed that the BBB is disrupted in overweight or obese individuals based on an increase in the CSF/serum albumin ratio (18) . Similar findings were observed in animal models. For example, a study completed in rabbits fed a cholesterolenriched diet demonstrated increased IgG staining in the cortex, suggesting that the BBB was compromised (19) . These studies support a relation linking BBB permeability with dietary factors.
To understand how BBB integrity could be influenced by dietary factors, Sprague-Dawley rats were fed a diet high in saturated fat and glucose for 90 days and then assessed by measuring permeability to sodium fluorescein. Results indicate that there is increased permeability to sodium fluorescein in the hippocampus and not in the prefrontal cortex or the striatum, other regions of the brain known to be involved in learning and memory (20) . The brain regions affected in this study are different than the ones affected in the rabbit study by Ghribi et al. mentioned above. These regional differences could be due to the specific macronutrient that is enriched (saturated fat versus cholesterol), obese state and length on diet, or species differences. In addition, this increase in permeability in the rats on a HFD was accompanied by changes in tight junction proteins. HFD-fed rats had decreased expression of the tight junction proteins claudin-5 and claudin-12 in the choroid plexus and claudin-5, claudin-12, and occludin in the BBB capillaries (20) . Changes in protein expression have also been observed in HFD-fed C57/BL6 mice when compared to chow-fed mice. Using a proteomic approach, Ouyang et al. isolated brain microvessels from obese and lean mice and identified 47 downregulated proteins involved in cell cycle regulation, cell metabolism, transport, cytoskeleton, chaperone, and scaffolding adaptor proteins and two upregulated proteins: heterogeneous nuclear ribonucleoproteins A1 and A2B1 (21) . In contrast to other organs such as the liver (22) and the heart (23) which exhibit up-or downregulation of protein expression due to a HFD, HFD consumption causes mostly downregulation of protein expression at the BBB, which suggests that altered cellular energy metabolism might be the cause of cerebral dysfunction in obesity.
Cytoskeletal proteins play important roles in tight junction formation and function. Obesity downregulates cytoskeletal proteins at the BBB, including vimentin and tubulin (21) . Vimentin is involved in nutrient transport and energy metabolism by controlling the transport of low-density lipoprotein-derived cholesterol from the lysosome to the site of esterification (24) . The decreased levels of vimentin at the BBB could alter membrane fluidity preventing tight junction alignment in diet-induced obese mice. Tubulin is also involved in BBB transport and tight junction complex functions. The decreased levels of tubulin in the obese microvessels might be an indication of impaired BBB function. This is a potential explanation for changes in peptide transport as will be discussed in the following section.
Brain function requires maintenance of water and glucose homeostasis. This occurs through transporters located at the BBB, such as the water channel protein aquaporin-4 (AQP4) and the glucose transporter protein-1 (GLUT1) (25, 26) . While one study (20) of Sprague-Dawley rats fed a 45% HFD for 2 months showed no change in AQP4 and GLUT1, a study completed in obese Zucker rats showed downregulation of these proteins (27) . The obese Zucker rat is not only a model of obesity but also an animal model of diabetes, exhibiting hyperglycemia, hyperinsulinemia, and hyperlipidemia (28) . These variations in animal models may account for differences observed in gene expression. The expression of AQP4 and GLUT1 increase as the obese Zucker rat ages, implying that aging could compound the adverse effects of obesity on the BBB. It is believed that inflammation, as measured by intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion protein 1 (VCAM-1) expression in the aged obese Zucker rats, influences the expression of these transporters (27) . Obesity also increases oxidative stress levels, which may contribute to BBB disruption as observed in diabetes and with systemic inflammation (29) (30) (31) . Studies have shown that high-intensity workouts in individuals who are obese lead to increased serum levels of S100β, a marker of BBB disruption (32) . In these obese patients, high-intensity workouts led to increased serum levels of reactive oxygen species and superoxide dismutase compared to non-obese exercised controls. Similar findings have been observed in aged HFD-fed mice which showed increased reactive oxygen species compared to controls, leading to increased BBB disruption (33) .
OBESITY, BBB, AND NEUROINFLAMMATION
It has been postulated that inflammation in the CNS is a mediator of disease pathophysiology in obesity (34) . Obesity increases inflammatory cytokine expression in multiple brain regions (35) (36) (37) , but the predominant source of cytokines that initially trigger neuroinflammation in obesity is not completely clear (38) . Blood-borne cytokines can cross the BBB in sufficient levels to elicit a CNS response, even when the BBB remains intact (39) . It is likely neuroinflammation in obesity is multifaceted.
One cell type that can produce the inflammatory cytokines interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) is the adipocyte. Both IL-6 and TNF-α can be increased in obesity (40) and can cross the BBB by a saturable transport mechanism (41, 42) . However, it is unclear if BBB transport of these cytokines changes with obesity.
Controlled signaling of immunoregulatory cells connecting the CNS and peripheral immune system occurs via the BBB (43, 44) . Due to the polarized nature of brain endothelial cells, an immune activator on one side of the BBB can cause the release of an immune substance on the other side. This can occur from the blood to brain and vice versa (45) . In addition, immune cells cross the BBB under normal conditions at a low rate (46) and this rate is increased with stimulation of the immune system. Immune cell trafficking across the BBB is a highly regulated multistep process that involves intercellular communication and binding of immune and endothelial cell glycoprotein receptors (47) .
Immune cells are activated in obesity (40) , likely due to the increased cell metabolism and subsequent inflammation. Buckman et al. showed that peripheral bone marrow-derived monocytes were able to infiltrate the CNS in obesity after 15 weeks of HFD and the number of monocyte-derived macrophages in the brain correlated with body weight and fat mass (48) . However, it was unclear from this study how obesity results in infiltration of peripheral monocytes into the CNS.
Cytokines that induce BBB disruption can also activate expression of adhesion molecules on BBB endothelial cells that are important for immune cell recruitment to the brain (49) . Further, immune cell engagement with endothelial cell adhesion molecules can initiate signaling events that alter tight junctions (50) . Therefore, inflammation in obesity may be a cause of both BBB disruption and enhancement of diapedesis, a mechanism by which immune cells infiltrate the CNS. BBB disruption, in the context of leakiness and/or immune cell trafficking, in obese rodent models is associated with systemic inflammation and neuroinflammation (33, 51) . A recent study by Stranahan et al. identified protein kinase C β (PKCβ) as a molecular target at the BBB whose inhibition rescues obesity-induced BBB disruption and CNS infiltration of leukocytes, as well as induction of the pro-inflammatory cytokines IL-6 and TNF-α. In the same study, PKCβ inhibition also inhibited macrophage chemotaxis in an in vitro Boyden chamber assay in the absence of an intact BBB (38) . Interestingly, reinstatement of the BBB integrity in obese db/db mice occurred independently of changes in body weight and food intake, supporting that treatment with a PKCβ inhibitor is sufficient to protect the BBB in obesity. These intriguing findings necessitate future studies that will provide additional insight on the BBB-protective mechanisms of PKCβ inhibition.
OBESITY, BBB, AND ALZHEIMER'S DISEASE
Given the relationship between obesity and neuronal health, it is not surprising that obesity and complications of obesity including diabetes, hypercholesterolemia, and hypertension are all risk factors for developing Alzheimer's disease (AD) (52) . In the USA, midlife obesity confers an odds ratio for developing AD of 1.6 and a 25% reduction in obesity may reduce AD prevalence by 91,000 cases (52) . Several possible mechanisms exist for the obesity-AD connection ranging from changes in amyloid transport and clearance to alterations in lipid metabolism.
First, AD is characterized by age-associated progressive memory loss and cognitive decline and pathological deposition of amyloid beta and tau protein aggregates in the brain. These pathological changes are thought to be caused, in part, by decreased clearance of amyloid beta from the brain. Notably, HFD increases plasma amyloid beta and brain amyloid beta delivery, in both humans and rodent models (13, (53) (54) (55) . In mice, chronic HFD feeding elevated peripheral lipoprotein-associated amyloid beta which altered BBB integrity, as evidenced by perivascular leakage of IgG (56) . In addition, as outlined above, obesity increases neuroinflammation and compromises BBB function, particularly in the hippocampus which is a part of the brain that atrophies early in the course of AD (57) . A dysfunctional BBB as seen in obesity could serve to impede amyloid beta breakdown product clearance. For example, inflammatory conditions upregulate receptors for advanced glycation end products (RAGE) and low-density lipoprotein receptor-related protein 1 (LRP1), which are known to transport amyloid beta breakdown products into the brain in transgenic animal models, and downregulate brain-to-blood clearance (58) . In support of this, RAGE protein has been found in human AD brain and RAGE levels correlate with levels of AD pathology (59) . Although overall RAGE expression in the brain is increased in obesity (60), whether or not increases occur at the BBB remains to be determined. In addition, LRP1 BBB protein levels are upregulated in rodent offspring from obese mothers (7) .
Another connection between obesity and AD is that obesity-related hypertension may alter the health of penetrating cerebral small vessels, leading to blood flow dysregulation and white matter ischemia which can be detected on an MRI image. Increased white matter disease burden correlates with cognitive decline, and AD patients with high white matter disease burden have worse cognitive function than those without this pathology (61) .
Lastly, obesity may influence levels and functions of apolipoproteins, which are an integral part of neuronal lipid metabolism and function. The presence of the E4 allele of apolipoprotein E (apoE4) confers a significant risk for developing AD (62) . In the periphery, apoE4 is associated with hyperlipidemia and hypercholesterolemia, whereas in the CNS, apoE4 is characterized by poor levels of lipidation and high amyloid burden (62, 63) . Variations of other apolipoproteins have also been implicated in AD and other neurodegenerative diseases (64) . Some apolipoproteins cross the BBB to varying degrees, such as apoJ and apoA-I, while others are thought to be impenetrable, such as apoE (64, 65) . Understanding how these various apolipoproteins transport lipids in the periphery and into the brain, and how risk factors such as obesity influence these apolipoproteins, may elucidate AD pathogenesis as well as elucidate possible treatments.
BBB TRANSPORT AND TRANSPORTER CHANGES IN OBESITY
Obesity can cause changes in levels of multiple circulating factors, resulting in fluctuations in transport of regulated peptides and substrates across the BBB (Fig. 1) . Obesity increases circulating triglycerides, as well as secreted adipokines including leptin, while decreasing adiponectin due to the expansion of adipocytes (40) . Many adipokines can cross the BBB to act within the CNS (66) . There are also indirect changes in circulating levels of other gut-hormone peptides, such as insulin and ghrelin, due to increased adipokine release (67, 68) .
Peptides cross the BBB through saturable and unsaturable mechanisms. Saturable transport occurs through proteins that may or may not also function as the receptor. The expression or function of transport systems is often altered in disease, resulting in a perturbed exchange of information between peripheral tissues and the CNS. Obesity is one disease state in which transport of substrates across the BBB is altered as summarized in Table I . In this section, we review BBB transport systems that are known to change in obesity, and the potential consequences of these changes on CNS function.
Leptin
Leptin is an adipokine that acts within the brain to control appetite (81), mediating a feedback loop between adipose tissue and the CNS. Leptin levels in blood reflect the degree of adiposity. Transport of leptin across the BBB occurs in a saturable manner (82) , and leptin transport capacity is already about 50% saturated at serum levels associated with an ideal body weight (83) .
During the development of obesity, obese rodents respond to centrally administered leptin via intracerebroventricular injections, but not to peripherally administered leptin via subcutaneous pumps or intraperitoneal injections (84, 85) . This suggests that impairment in CNS leptin signaling is due to resistance at the BBB transporter level. In obese mice, transport of leptin across the BBB is decreased to about 35% of that found in lean mice (72) . Obese sheep also have decreased leptin BBB transport represented by decreases in the leptin CSF/plasma ratio with increasing adiposity (71) . In addition, obese humans have anywhere from a 4.3-5.4-fold lower CSF/serum leptin ratio (69, 70) . It is important to note that the defect in leptin transport is not due to lack of functional leptin receptors at the BBB (86,87), but rather due to saturation of the transporter by leptin or reversible inhibition by other circulating factors in the blood. Circulating triglycerides can inhibit leptin transport across the BBB in a dosedependent manner (88), whereas epinephrine, glucose, and insulin increase leptin transport (89) .
Increasing delivery of leptin to the brain by overcoming transporter resistance at the BBB could significantly improve leptin therapeutic efficacy and increase weight loss. Modifications of leptin can alter the potency and efficacy, especially under conditions in which the transport system is saturated, as is the case in obesity. Analogs of leptin have Fig. 1 . Changes at the BBB in obesity. The BBB is exposed to increased circulating levels of leptin, insulin, free fatty acids, and the cytokines IL-6 and TNF-α, whereas ghrelin and adiponectin levels are decreased in obesity (black vertical arrows). The blood-to-brain transport of leptin, insulin, and ghrelin (blue arrows) is decreased and transport of free fatty acids (FFA, purple arrow) is increased in obesity. Triglycerides (TG) can also decrease leptin transport while increasing insulin and ghrelin transport (horizontal arrows). Obesity decreases mRNA levels of Pglycoprotein (P-gp) in BBB endothelial cells. The obesity-associated decrease in circulating adiponectin stimulates the abluminal secretion of IL-6 by BBB endothelial cells, resulting in increased brain IL-6 levels been constructed to investigate if BBB transport can be improved. Indeed, PEGylated leptin and leptin modified with amphiphilic Pluronic triblock copolymers may be able to overcome leptin transport resistance at the BBB (90) . There was a 33% increase in brain levels (%Inj/g) of Pluronic P85 leptin after intravenous delivery compared to unmodified leptin (90) . These modifications help to not only stabilize leptin but also prevent efflux from the brain and facilitate utilization of alternative mechanisms for BBB transport, including caveola-dependent transcytosis (91) .
Adiponectin
Adiponectin signals in the CNS to decrease body weight by stimulating energy expenditure (92) . In humans, plasma adiponectin levels are inversely correlated to adipose tissue (93) . There is controversy regarding whether or not adiponectin crosses the BBB. One study found that human CSF adiponectin levels positively correlate with systemic levels (94), but CSF adiponectin concentrations were extremely low and another human study could not detect adiponectin in the CSF of healthy human volunteers (77) . Rodent studies show adiponectin does not cross the BBB (78) . However, it is clear adiponectin can influence the CNS by indirect means: the low-adiponectin state due to obesity results in increased sensitivity of brain endothelial cells to inflammatory markers (95) and adiponectin can influence the polarized secretion from brain endothelial cells of inflammatory factors such as IL-6 (77).
Insulin
Insulin is secreted from the pancreas in direct proportion to body fat (68, 96) and is an important negative feedback signal in the CNS to regulate body weight by decreasing food intake. Insulin is transported across the BBB in a saturable manner, which is independent of leptin (82, 97) . The transport rate for insulin is decreased with obesity (74, 75) and CSF/serum ratios negatively correlate with body mass index (73) . There is a 60% reduction in the amount of CNS insulin in obese animals that inversely correlates with the percent change in body weight (74) .
There are circulating factors that are known to affect insulin transport across the BBB. For example, triglycerides increase insulin transport across the BBB by about 30% (76) . In starvation, plasma triglyceride levels increase, increasing the transport of insulin across the BBB (76) . Insulin can also act at the BBB to enhance amino acid transport, particularly tryptophan, across the BBB (98) . As circulating insulin is increased in obesity, it is possible the transport of amino acids is increased across the BBB. However, these direct studies in obese individuals have not been done.
Amylin
Much like insulin, amylin is another peptide secreted by the pancreas after a meal. Amylin also crosses the BBB, possibly acting as a satiety agent (99) . Although differences in transport due to obesity have not been investigated, peripheral administration of amylin caused weight loss in obese rats and humans (100). Roth and colleagues also propose a synergistic relationship between amylin and leptin that restores the leptin responsiveness in a model of obesity (100). These studies suggest that an integrated hormonal administration may provide a novel therapeutic approach to facilitate hormone transport across the BBB.
Ghrelin
Ghrelin is a small peptide produced primarily by the stomach. It has CNS effects primarily in the hypothalamus to regulate appetite and in the hippocampus to affect cognition. Plasma levels are decreased in obese humans and mice (67, 101) . Aged, obese mice lose the ability to transport circulating ghrelin across the BBB yet serum triglycerides enhance BBB transport by more than 70% (79). Glucagon-Like Peptide-1
Glucagon-like peptide-1 (GLP-1) is secreted in response to feeding. It acts within the CNS to decrease food intake and thus has been investigated for its potential therapeutic use in weight loss. However, GLP-1 is rapidly degraded by dipeptidyl peptidase-4 (DPP-4), an enzyme increased in obesity (102, 103) . After peripheral injection of GLP-1, less than half of the peptide remains intact in normal-weight individuals and by 10 min, there is no GLP-1 detected (104) . A more stable analog of GLP-1 with similar biological effects, [Ser 8 ]GLP-1 (7-36), has a rapid transport rate across the BBB and crosses independently of a saturable transport system (105) . The transport of GLP-1 across the BBB under obese conditions has not been examined but it is known that circulating DPP-4 levels are increased in obesity (106) .
Free Fatty Acids
Even though the brain does not use free fatty acids (FFAs) as an energy source, there are data to support CNS signaling by FFAs to control feeding and energy balance (107, 108) . FFA levels are increased in obesity (109) and thus could potentially accumulate within the CNS.
Not surprisingly, after intravenous injection of a radiolabeled analog of FFAs, the highest levels were observed in the heart and liver, but there was radioactivity present in the brain, suggesting transport of FFA across the BBB (110) . Using the same radiolabeled FFA analog as well as radiolabeled palmitate, transport into the human brain was also observed (80) . The authors also found that patients with metabolic syndrome had a 50% increase in FFA and an 86% increase in palmitate uptake in the brain compared to healthy subjects. Peripheral palmitate has also been shown to accumulate in the brains of monkeys (111) and rats (112) , suggestive of BBB transport.
P-glycoprotein
P-glycoprotein (P-gp) plays a key role at the BBB, acting as an efflux pump, returning its substrates back into the bloodstream, thus limiting the entry of potentially harmful substances into the CNS. The protective nature of this protein is also the bane of many pharmaceutical companies trying to design drugs to cross the BBB. Using publicly available microarray data from 145 neurologically sound adults, Vendelbo et al. found body mass index is negatively associated with expression of ABCB1 (the gene encoding Pgp) in the frontal cortex (113) . It is interesting that although mRNA levels in human brain decrease with increased body mass index (113) , protein levels of P-gp do not change at the BBB, at least in HFD-fed obese mice (21) . Whether or not Pgp protein and/or function is altered at the BBB in humans remains to be determined. This is important as many drugs are dosed by weight and overweight subjects may therefore be at an increased sensitivity to neuropharmaceuticals.
OBESITY REVERSAL AS A THERAPEUTIC STRATEGY TO IMPROVE BBB TRANSPORT
Obesity can be a reversible disease, and when weight loss interventions are successful, profound improvements in patient health typically occur. Beneficial effects of weight loss extend to the CNS, as patients who lost weight following both dietary and surgical weight loss interventions showed improvements in cognition (114) . As a link between obesity and cognitive decline has recently been established (115) (116) (117) , some studies have focused on the effects of obesity on the peripheral transport of metabolic hormones into the brain.
As described in detail above, peripheral metabolic hormone resistance is commonly associated with obesity, and BBB transport of these hormones is impaired. Importantly, when obese mice were fasted, the transport of leptin (118) , insulin (76) , and ghrelin (79) from the blood to the brain was restored. Furthermore, obese rats switched to a low-fat diet that lost weight had higher levels of CSF insulin (119) . Reversal of obesity also reduced FFA transport into the human brain by 17% (80) . These findings again suggest that weight loss may restore BBB transport of peripheral metabolic mediators into the brain.
Endothelial dysfunction is prevalent among the obese population (120, 121) and may be associated with changes to BBB structure and transport of peripheral hormones. In fact, a normal endothelial response to L-arginine can be restored in obese women after weight loss (121) . It was also found that flowmediated dilation, a measurement of endothelial function, was restored when severely obese patients lost weight (122) . The fact that endothelial function improves with weight loss suggests that a dysfunctional mechanism of metabolite transport exists in the obese population. Taken together, a weight loss intervention may lead to the improvement of brain endothelial function in obese patients, thereby improving metabolic hormone transport and restoration of CNS metabolic activity.
Metabolic hormone resistance and vascular dysfunction may be a result of increased inflammation associated with obesity. Hotamisligil and colleagues showed that murine adipose tissue expressed pro-inflammatory factors that altered insulin receptor activity (123) . Inflammation can also affect the ability of the BBB to transport peripheral metabolic hormones into the brain (124) . Obesity correlates with increased basal serum levels of pro-inflammatory factors, such as TNF-α and IL-6, in rodents (125) and humans (121, 126) . After 10 weeks of HFD, rats that were calorically restricted for an additional 8 weeks lost weight and more importantly had reduced inflammation compared to rats that continued on HFD (125) . Similar reductions in cortex inflammation, as well as decreases in oxidative stress markers, were found in mice predisposed to AD (APP/PSEN1 mice) which were fed a HFD for 7.5 months (obese) and then switched to a lowfat diet for 2.5 months (obesity reversal) (13) . In addition, obese women, who lost 10% of their body weight from liposuction or from a 1-year weight loss program, also showed a reduction in serum inflammatory factors (121) . While liposuction is not commonly used to treat obesity, these studies support a major role of adipocytes in the inflammatory response. In a separate study, the reduction in serum inflammatory factors also resulted in less insulin resistance (126) . There are beneficial effects of reducing inflammation not only after obesity reversal but also in ameliorating obesity-associated pathologies due to obesity. Further investigation of the role of inflammation in obesity may provide novel therapeutic strategies to increase the ability of hormones crossing the BBB to trigger anorexigenic effects and prevent cognitive decline.
As highlighted above, obesity can be reversed in many ways which could potentially have a huge impact at the BBB (Fig. 2) . The first and most obvious way to reverse obesity is through diet and exercise, but many patients who pursue this approach alone do not experience sufficient weight loss. When diet and exercise are not effective, other weight loss options include pharmaceutical interventions and bariatric surgery. While the studies highlighted above look at changes in BBB transport after weight loss due to dietary modifications or liposuction, BBB structure and peptide transport into the CNS have not been investigated after exercise, most pharmaceutical interventions, or bariatric surgery such as Roux-en-Y surgery. Much of the difficulty achieving weight loss in obesity may be the result of poor communication between the gut and the brain due to transport deficiencies at the BBB. As such, the view of obesity has shifted from a disease of nutritional imbalance, to a behavioral disease. To treat behavior, we must treat the brain, and to treat the brain, we must restore peripheral communication to the CNS.
CONCLUSIONS
The works discussed in this review highlight that the BBB is an important interface for metabolic regulation and that BBB dysfunction is an important pathophysiological consequence of obesity and its associated CNS effects, such as cognitive impairment. Importantly, weight loss mitigates some of the BBB impairments observed in obesity such as those on leptin and insulin transport. Therefore, at least some effects of obesity on the BBB are reversible. Difficulties persist, however, in the achievement and maintenance of weight loss as an intervention for obesity. Therefore, the rigorous investigation of therapeutic strategies aimed at sensitizing the CNS to satiety signals from the periphery or enhancing their delivery to the brain continues. We recommend that future therapeutic approaches consider the BBB not only as a barrier to be overcome but also as a viable therapeutic target for the treatment of obesity. Fig. 2 . Effects of obesity reversal on BBB transport, CNS inflammation, and metabolic mediators. Obesity reversal results in many metabolic improvements including improvements in insulin resistance. These improvements extend to the CNS in which transport of peripheral peptides across the BBB is restored and inflammation is decreased, not only in the periphery but also in the CNS. Other weight loss interventions such as exercise, bariatric surgery, and pharmaceutical therapies could also exhibit similar effects on the BBB in restoring the connection between the periphery and the CNS
